Fabrication and charge/discharge behaviors of all-solid-state Li secondary battery arrays embedded into three Si trenches of 200ϫ100 m 2 in area and 0.5ϳ2.0 m in depth are presented. The battery arrays in a Si wafer, consisting of multiple layers ͑Al current collector/Li/SiO 2 -15 at. %P 2 5 or layered-rocksalt LiCoO 2 ͑Refs. 4, 6, 8͒ cathodes using thin-film technologies such as a radio-frequency sputtering method. In these works, sputtered Lipon films (Li 3 PO 4 :N) have been adopted as an electrolyte layer. Li microbatteries must be considered as a local power supply for one or several active electric circuit element͑s͒ in Si verylarge-scale integration ͑VLSI͒, rather than as a power generator delivering electric energy to a whole electronic chip such as a MEMS circuit, since, simply, battery dimensions limit the capacity of batteries. Furthermore, from the viewpoint of industry, simpler and more Si VLSI-matched technologies would be required for the fabrication of such Li microbatteries. Accordingly, we focused on the embedded battery configuration instead of the mesa structure ͑Refs. 4 -6, 8. In this letter, we demonstrate 100 m sized all-solidstate Li secondary battery arrays, consisting of multiple layers ͑Al current collector/Li/SiO 2 -15 at. %P 2 O 5 /LiMn 2 O 4 / polycrystalline silicon current collector͒ prepared by combining a sol-gel spin-coating method ͑Refs. 9-11͒ and Si VLSI technologies, as a first step in the research on local power suppliers in Si VLSI circuits. Our present study concerns the glassy electrolyte (SiO 2 -15 at. %P 2 O 5 ), which is prepared as a porous structure and which conducts lithium ions by means of diffusion down the pores and grain boundaries.
Mounting electric energy sources on semiconductor tips is highly attractive because of the rapid growth of electrical and mechanical integration technologies such as wireless telecommunications, emerging integrated optoelectronic circuits and rapidly growing microelectromechanical systems ͑MEMS͒ in recent years. Since Shokoohi, Tarascon, and Wilkens reported their work, 1 much research ͑Refs. 1-8͒ has been performed on battery component materials ͑cathode, electrolyte and anode͒ and thin-film Li batteries. Among such research, there have been some reports on the fabrication of a mesa-type of all-solid-state Li battery using spinel LiMn 2 O 4 5 or layered-rocksalt LiCoO 2 ͑Refs. 4, 6, 8͒ cathodes using thin-film technologies such as a radio-frequency sputtering method. In these works, sputtered Lipon films (Li 3 PO 4 :N) have been adopted as an electrolyte layer. Li microbatteries must be considered as a local power supply for one or several active electric circuit element͑s͒ in Si verylarge-scale integration ͑VLSI͒, rather than as a power generator delivering electric energy to a whole electronic chip such as a MEMS circuit, since, simply, battery dimensions limit the capacity of batteries. Furthermore, from the viewpoint of industry, simpler and more Si VLSI-matched technologies would be required for the fabrication of such Li microbatteries. Accordingly, we focused on the embedded battery configuration instead of the mesa structure ͑Refs. 4 -6, 8 . In this letter, we demonstrate 100 m sized all-solidstate Li secondary battery arrays, consisting of multiple layers ͑Al current collector/Li/SiO 2 -15 at. %P 2 O 5 /LiMn 2 O 4 / polycrystalline silicon current collector͒ prepared by combining a sol-gel spin-coating method ͑Refs. 9-11͒ and Si VLSI technologies, as a first step in the research on local power suppliers in Si VLSI circuits. Our present study concerns the glassy electrolyte (SiO 2 -15 at. %P 2 O 5 ), which is prepared as a porous structure and which conducts lithium ions by means of diffusion down the pores and grain boundaries.
All-solid-state Li secondary battery arrays were embedded into a Si substrate, as shown schematically in Fig. 1 . First, a polycrystalline silicon layer (ϳ300 ⍀) with a thickness of 460 nm was deposited onto a ͗100͘ Si substrate as a current collector for the cathode material, spinel LiMn 2 O 4 . A double insulating layer consisting of SiO 2 ͑600 nm in thickness͒ and Si 3 N 4 ͑1600 nm͒ layers was also deposited onto the polycrystalline silicon layer to isolate each battery electrically, before embedding the cathode material into the substrate. Hundred-micron-sized trenches ͑100 m in width ϫ200 m in lengthϫ0.5-2.0 m in depth in each battery͒ were etched with a dry etcher, retaining the polycrystalline silicon layer ͓see Fig. 1͑b͔͒ . The cathode material, spinel LiMn 2 O 4 , was deposited over the entire surface of the Si substrate by a sol-gel spin-coating method ͑6000 rpm rotating speed͒ ͑Refs. 9-11͒ with subsequent annealing at 550°C for 30 min. The sol solution for spinel LiMn 2 O 4 was obtained from Li and Mn acetates ͑99% pure͒ with a small amount of citric acid as a chelating agent. Excess spin-coated LiMn 2 O 4 was eliminated by a mechanical polishing technique, retaining the cathode material embedded into the trenches. The SiO 2 -15 at. %P 2 O 5 glass, which has usually been used in VLSI as a spin-on passivation film, was adopted as an electrolyte, since Li ϩ ions are introduced into and move through the oxide glass even at room temperature by means of the diffusion of Li ϩ ions, which occurs because of the external electric field applied during the charge and owing to the difference in chemical potential between the LiMn 2 O 4 cathode and the Li anode during the discharge. This is analogous to the fact that alkali ions such as Na, K, and Li in SiO 2 are mobile when electric fields are present. coated substrates were baked at 500°C for 1 min to rapidly evaporate only the organic solvent in the liquid precursor in order to form a porous structure with submicron grains and/or to prevent the formation of a condensed glass film, instead of annealing at 450°C for 30 min which is usually done in the process of fabricating VLSI circuits. The glass electrolyte layer prepared here was 500-1500 nm in thickness. A Li film was deposited as an anode layer over the electrolyte by conventional thermal evaporation. The Li anode layer was capped by an Al film to prevent the Li film from oxidation and hydroxydation.
The surface of the electrolyte glass layer was examined with a scanning electron microscope ͑SEM, JOEL JE212͒. Figure 1͑a͒ shows a typical SEM micrograph of the electrolyte layer, indicating that the electrolyte consists of many grains with a diameter of 100-500 nm. These grain boundaries would effectively act as paths for Li ϩ ions. Figure 1͑c͒ also shows a SEM micrograph of the top view of the 100 m sized battery arrays. The active areas of the battery are the overlapping portions of the anode ͑horizontal gray area͒ and the cathode layers ͑vertical white areas͒. The battery arrays fabricated here consist of a parallel connection of three 100 m sized batteries of 100ϫ200 m 2 in size. Charge/discharge behaviors of the battery arrays were performed at constant current densities of ͑a͒ 140 A cm Ϫ2 , ͑b͒ 2.8 m A cm Ϫ2 , and ͑c͒ 56 m A cm Ϫ2 between preset voltage limits using a current source ͑Keithley 220͒ and an electrometer ͑Keithley 617 with an internal impedance of 100 T⍀͒. Figure 2 shows the initial discharge profiles of the embedded battery array as a function of current density. The battery array was charged up to an open circuit voltage of ϳ4.2 V at each cycle. During the initial discharge in curve ͑a͒, the potential rapidly dropped at the beginning of discharge and reached a plateau of ϳ3.6 V. The flat plateau of ϳ3.6 V lasted for ϳ9. 6 A h cm Ϫ2 . The available energy estimated from the flat part of the discharge curve was 34.6 W h cm Ϫ2 . The plateau ended at ϳ9.6 A h cm
Ϫ2
and then decreased to ϳ2.4 V. This discharge curve demonstrated that the porous glass used was effective as an electrolyte layer. The discharge capacities of the battery arrays decreased to ϳ7.9 and 4.0 A h cm Ϫ2 with an increase in current density, as shown in curves ͑b͒ and ͑c͒, respectively. This suggests that part of energy in the discharge process is wasted as Joule heat resulting from the internal impedance of the battery or self-discharge. Internal impedance also caused an ohmic voltage drop ͑IR drop͒, as observed at the beginning of discharge.
Cycle performances of the battery arrays were tested at constant current densities of ͑a͒ 140 A cm Ϫ2 , ͑b͒ 2.8 m A cm Ϫ2 and ͑c͒ 56 m A cm Ϫ2 up to 100 cycles. Figure  3 shows discharge capacity versus cycle number up to 100 cycles at each constant current density. The discharge capacities shown in curve ͑a͒ sustained a constant value of ϳ9.2 A h cm Ϫ2 after ϳ15 cycles. Thus, the capacity of ϳ9.2 A h cm Ϫ2 can be reversibly used up to 100 cycles in these battery arrays, although the battery array lost 4% of the discharge capacity in comparison with the initial state. It was confirmed that the battery arrays can operate continuously for at least 37 h and, in particular, the glass electrolyte has tolerance to charge/discharge cycle usage. The capacity loss of 4% is slightly less than that of the batteries using bulk LiMn 2 O 4 synthesized by the sol-gel method (ϳ10%), 13 although it is comparable to that of sputtered LiMn 2 O 4 films (ϳ4%). 5 After the sample rapidly lost ϳ10% and ϳ25% for discharge at 2.8 and 56 m A cm Ϫ2 at the beginning, respectively, the discharge capacities decreased continuously up to 100 cycles ͓see Figs 3͑b͒ and 3͑c͔͒. This is attributed to an increase in the IR drop due to the high current density used for cycle measurements and a cathode overpotential related to lithium diffusion kinetics. 3, 5 In conclusion, we have demonstrated 100 m sized allsolid-state Li secondary battery arrays embedded into three 
